Tomato (Solanum lycopersicum) contains two close homologs of the Arabidopsis thaliana MADS domain transcription factor FRUITFULL (FUL), FUL1 (previously called TDR4) and FUL2 (previously MBP7). Both proteins interact with the ripening regulator RIPENING INHIBITOR (RIN) and are expressed during fruit ripening. To elucidate their function in tomato, we characterized single and double FUL1 and FUL2 knockdown lines. Whereas the single lines only showed very mild alterations in fruit pigmentation, the double silenced lines exhibited an orange-ripe fruit phenotype due to highly reduced lycopene levels, suggesting that FUL1 and FUL2 have a redundant function in fruit ripening. More detailed analyses of the phenotype, transcriptome, and metabolome of the fruits silenced for both FUL1 and FUL2 suggest that the genes are involved in cell wall modification, the production of cuticle components and volatiles, and glutamic acid (Glu) accumulation. Glu is responsible for the characteristic umami taste of the present-day cultivated tomato fruit. In contrast with previously identified ripening regulators, FUL1 and FUL2 do not regulate ethylene biosynthesis but influence ripening in an ethylene-independent manner. Our data combined with those of others suggest that FUL1/2 and TOMATO AGAMOUS-LIKE1 regulate different subsets of the known RIN targets, probably in a protein complex with the latter.
INTRODUCTION
The angiosperms display a broad variety of fruit types, which can be roughly divided into dry fruits and fleshy fruits. Both fruit types evolved independently several times in the different plant lineages, and the occurrence of both dry and fleshy fruits within certain families, like the Solanaceae, suggests that the evolution from one type to the other does not require many diverging steps. Thus, the gene regulatory networks involved in the development of both dry and fleshy fruits may be similar, although the outcomes are morphologically very different. The Arabidopsis thaliana transcription factor APETALA2 (AP2) and its tomato (Solanum lycopersicum) ortholog AP2a, for example, are both involved in fruit development, but At-AP2 regulates dehiscence zone development in the dry silique (Ripoll et al., 2011) , whereas Sl-AP2a influences fleshy fruit ripening via regulation of ethylene biosynthesis and signaling (Chung et al., 2010; Karlova et al., 2011) .
The gene regulatory networks that are involved in fruit development have been largely unraveled for Arabidopsis, which produces a dry fruit, the silique that dehisces upon maturation to disperse the seeds (Roeder and Yanofsky, 2006) . The formation of the valve margin, which separates the valves from the replum, is essential for seed dispersal and was found to be tightly regulated by a network of antagonistically acting transcription factors. The MCM1, AGAMOUS, DEFICIENS, SRF (MADS) box genes SHATTERPROOF1 (SHP1) and SHP2 and the basic helix-loop-helix (bHLH) genes INDEHISCENT (IND) and ALCATRAZ (ALC) are expressed in the valve margin and fulfill both independent and overlapping functions in valve margin development and maturation (Ferrándiz et al., 1999; Liljegren et al., 2000 Liljegren et al., , 2004 . In fruitfull (ful) mutant siliques, the valve margin genes become ectopically expressed in the valves and convert the valve cells into valve margin-like cells. As a consequence, ful siliques are very short and bumpy and the dehiscence zone is not specified (Ferrándiz et al., 2000) . Thus, Arabidopsis FUL directly or indirectly represses SHP1, SHP2, IND, and ALC to allow seed dispersal.
Fleshy fruits do not form a dehiscence zone but have evolved to attract herbivores for seed dispersal. Fruit maturation typically involves color changes, altered sugar metabolism, tissue softening, and the synthesis of aroma volatiles. Research on fleshy fruit formation has primarily focused on the model system tomato, which produces a true berry derived from the ovary (Barry and Giovannoni, 2007) . Early studies on tomato fruit development resulted in the identification of the plant hormone ethylene as an important mediator of ripening. Treatment of other fruits with ethylene inhibitors showed that many fleshy fruits depend on an increased ethylene production to undergo the transition to ripening. These fruits are referred to as climacteric fruits (Yang and Hoffman, 1984; Barry and Giovannoni, 2007) .
In tomato, enhanced expression of the ethylene biosynthesis genes ACC synthase 1A (ACS1A), ACS2, ACS4, ACC oxidase1 (ACO1), ACO3, and ACO4 induces the transition from the autoinhibitory ethylene production system 1 to the autocatalytic production system 2, which is required for the onset of ripening (Barry et al., 1996; Nakatsuka et al., 1998) . Ethylene-insensitive plants fail to respond to the increased ethylene levels and thus exhibit nonripening phenotypes, as was described for the Never-ripe (Nr) mutant, in which the NR ethylene receptor is impaired (Wilkinson et al., 1995) , and for plants that ectopically express the GREEN-RIPE gene, which appears to interact with the ethylene response pathway (Barry and Giovannoni, 2006) . Upstream of the ethylene pathway, several transcription factors have been found to regulate the ripening process, including the induction of the autocatalytic system 2, increased respiration, carotenoid biosynthesis, and cell wall softening (Barry and Giovannoni, 2007) . The NAM, ATAF1, CUC2 (NAC)-domain family protein NON-RIPENING (NOR), the SQUAMOSA promoter binding protein (SBP) COLORLESS NON-RIPENING (CNR), and the MADS domain protein RIPENING INHIBITOR (RIN) appear to be the most important upstream ripening regulators, and their corresponding mutants, nor, Cnr, and rin, are impaired in many aspects of ripening (Thompson et al., 1999; Vrebalov et al., 2002; Klee and Giovannoni, 2011; Osorio et al., 2011) .
The MADS domain transcription factor RIN belongs to the SEPALLATA (SEP) class of MADS domain proteins, of which the members have been found to interact with members from several other classes, mainly involved in flowering, floral organ formation, and reproduction. As such, the SEP proteins are thought to function as cofactors that allow higher order complex formation (Immink et al., 2009 ). The pleiotropic phenotype of the rin mutant is therefore probably the result of the disturbance of several different MADS complexes that play a role in tomato fruit ripening. Identification of these complexes and dissection of the function of RIN depends on the functional analysis of the interacting MADS box factors that are expressed in the fruit. The MADS domain proteins TOMATO AGAMOUS-LIKE1 (TAGL1), TAGL11, FUL1 (previously TDR4), and FUL2 (previously MBP7) were found to all interact with RIN (Leseberg et al., 2008; Martel et al., 2011) and to be present in ripening fruits (Hileman et al., 2006) and are thus candidates to mediate ripening processes together with RIN. Moreover, the binding of RIN to its target promoters was shown to be dependent on CNR activity, suggesting that CNR or one of its targets is required in a functional complex with RIN (Martel et al., 2011) . The SHP1 ortholog TAGL1 has been reported to play an important role in tomato fruit development and ripening (Itkin et al., 2009; Vrebalov et al., 2009) . TAGL1 knockdown plants were found to produce yelloworange fruits with reduced carotenoids and thin pericarps. They have low ethylene levels due to decreased expression of the RIN target ACS2, and TAGL1 thus appears to regulate ripening by inducing the autocatalytic ethylene production system 2 together with RIN. Itkin et al. (2009) studied TAGL1 overexpression in the rin mutant background and found evidence for RINdependent and RIN-independent functions of TAGL1.
The fruit-expressed genes FUL1 and FUL2, which encode MADS domain transcription factors that are closely related to Arabidopsis FUL, are the other main candidates to regulate fruit ripening in tomato together with RIN. A FUL homolog of bilberry (Vaccinium myrtillus) was found to regulate color development and anthocyanin-related gene expression during ripening of the berry (Jaakola et al., 2010) , indicating that FUL genes play important roles in both dry and fleshy fruits. Understanding the role of the FUL homologs in tomato will provide more information on the divergence and conservation of FUL function in dry and fleshy fruit maturation and contribute to the unraveling of the gene regulatory network involved in tomato fruit ripening.
To study the function of the FUL homologs in tomato, we characterized transgenic lines that were either specifically silenced for FUL1 or FUL2 or silenced for both. Using transcriptomics and metabolomics approaches, we found that the two genes have a redundant function in fruit ripening, downstream of the ripening regulators CNR, NOR, and RIN, and probably independent of the ethylene pathway.
RESULTS

The Tomato FUL Genes Are Predominantly Expressed during Fruit Development
The genome of tomato contains five genes that belong to the SQUAMOSA/AP1 clade of MADS box genes: MACROCALYX (MADS-MC) MBP10, MBP20, MBP7, and TDR4/TM4 (Tomato Genome Consortium, 2012). The orthologs of Arabidopsis AGL79, MBP10, and MBP20 were found to be expressed in vegetative tissues and inflorescences, while the expression pattern of the AP1-like gene MADS-MC mimics that of Arabidopsis AP1, with expression in the inflorescences, sepals, and petals (Hileman et al., 2006) . TDR4 and MBP7 are the putative orthologs of Arabidopsis FUL and appear to be predominantly expressed during fruit development (Hileman et al., 2006) . Because of the high sequence similarity between Sl-TDR4 and At-FUL (75% on amino acid level) and between Sl-MBP7 and At-FUL (77% on amino acid level), we renamed the genes Sl-FUL1 and Sl-FUL2, respectively.
To investigate the activity of FUL1 and FUL2 during fruit development in more detail, we performed quantitative RT-PCR (qRT-PCR) analysis using fruits at different stages from the cultivar Micro Tom (MT) ( Figure 1A ). FUL1 expression was found to be very low during early stages of fruit development but increased rapidly from the mature green (MG) stage, reaching its maximum in the red ripe stage. The FUL2 transcripts, on the other hand, were abundantly present throughout fruit development and showed only a minor increase during the ripening phase. Both genes also showed considerable expression in the flower, which is in agreement with the data of Hileman et al. (2006) , who found that FUL2 is expressed in all floral whorls, while FUL1 is mainly expressed in the stamens. To test where the transcripts of both genes are located in the ripe fruits, we separated the different fruit tissues and performed qRT-PCR analysis. FUL2 appeared to be equally expressed in all tissues, except in developing seeds, while FUL1 expression was clearly most abundant in the exocarp and peel ( Figure 1B) . Thus, both genes are highly active during fruit development in tomato, but FUL1 expression is especially abundant in the outer layers of the pericarp in ripening fruits.
FUL1 and FUL2 Interact in Vivo with the Ripening Factor RIN
The tomato MADS domain protein RIN, which belongs to the SEP clade, fulfills a key role in fruit ripening by mediating virtually all ripening processes (Vrebalov et al., 2002) . RIN can heterodimerize with FUL1 and FUL2 in yeast (Leseberg et al., 2008) , suggesting that both FUL homologs may function in the ripening process as interaction partners of RIN. To obtain more evidence for the existence of RIN-FUL1 and RIN-FUL2 heterodimers in planta, we tested the interactions in vivo in Arabidopsis protoplasts using split-yellow fluorescent protein (YFP) (Walter et al., 2004) . The combinations RIN-YFP(C)/FUL1-YFP(N) and RIN-YFP(C)/ FUL2-YFP(N) yielded a bright yellow fluorescent signal in the nucleus of the protoplast, confirming the interaction of RIN with both FUL1 and FUL2 ( Figure 1C ). We also tested the combination FUL1-YFP(N)/FUL2-YFP(C) but did not detect YFP signal in the protoplast nuclei (see Supplemental Figure 1 online), indicating that FUL1 does not dimerize with FUL2.
FUL1/2 Silenced Fruits Show an Orange-Ripe Phenotype
To investigate the functions of FUL1 and FUL2 in tomato, we attempted to produce stable transgenic MT lines in which either FUL1 or FUL2 was specifically downregulated. To achieve this, we initially generated a 35S:FUL1 RNA interference (RNAi) construct and transformed it to MT. Because the coding sequences of FUL1 and FUL2 are 78% identical, the RNAi fragment was amplified from the 39 end of FUL1, including a part of the 39 untranslated region (UTR), where the identical stretches did not exceed 20 nucleotides (see Supplemental Figure 2 online). The transformation yielded 29 plants containing the 35S: FUL1 RNAi construct, and eight of these lines produced fruits that did not turn red upon ripening.
Some lines produced orange-red fruits with orange sections, while others exhibited a more severe phenotype with fruits that remained orange, also often with lighter-colored spots at the blossom end (Figure 2A) . We tested the downregulation of Sl-FUL1 in the transgenic lines and found a strong correlation between the fruit phenotype and the endogenous transcript level (see Supplemental Figure 3 online). The four lines with the strongest phenotype, lines R1-10, R1-25, R1-29, and R1-30, were selected for further analysis, and their offspring were raised for segregation analysis. The presence of the construct was tested by PCR in at least 35 T1 plants of each line and was found to cosegregate with the orange-ripe phenotype.
The effect of the FUL1 RNAi construct on the transcript levels of FUL1 and FUL2 in the selected lines was tested by qRT-PCR analysis using three biological replicates of breaker (Br) stage fruits ( Figure 1D ). In all four lines, endogenous FUL1 levels were <15% of wild-type levels and the highest reduction was found in line R1-10, where only 5% of the transcript was still present. Unexpectedly, the transcript levels of FUL2 were highly reduced as well, ranging from 12% of wild-type levels in line R1-25 up to 24% in line R1-29, suggesting that the FUL1 RNAi fragment targets FUL2 as well. However, it is also possible that FUL1 regulates FUL2 expression in the fruit. To investigate the likelihood of the latter possibility, we tested the downregulation of FUL2 in the fruit stages were FUL1 is hardly expressed, such as in the immature fruit. Also there, FUL2 was considerably silenced (see Supplemental Figure 4 online), suggesting that its expression in the wild type is not induced by FUL1 and that its downregulation is an effect of the RNAi approach. Since both paralogs are silenced in lines R1-10, R1-25, R1-29, and R1-30, we will further refer to these as FUL1/2 RNAi lines. We will first describe the phenotypic characterization of these lines and report thereafter about the successful generation of specifically silenced lines.
Reduced Lycopene Levels Cause the Orange-Ripe Phenotype of the FUL1/2 RNAi Fruits
To investigate the cause of the altered fruit pigmentation in the FUL1/2 RNAi fruits, we performed HPLC analysis and measured the concentrations of the different carotenoids, and their precursor phytoene, in wild-type and line R1-10 fruits ( Figure 2B ; see Supplemental Table 1 online). Wild-type fruits accumulate different carotenoids in the course of ripening, changing their color from green to red. While the concentration of the yellow pigment lutein decreases during ripening, lycopene (red), mainly in the all-trans configuration, and b-carotene (orange) contents increase to ;80 and 10% of the total carotenoids in red ripe MT tomatoes, respectively (see Supplemental Table 1 online). Levels of the carotenoid precursor phytoene, predominantly found in the 15-cis configuration, correspondingly increase during ripening in the wild-type fruit. The orange-ripe phenotype of FUL1/2 RNAi fruits was found to result mainly from a major decrease in lycopene and its precursor cis-phytoene, which were both reduced to ;20% of wild-type levels in the ripe fruit 7 d after Br stage (Br + 7). The lutein content was similar in wildtype and transgenic fruits, but a small increase in the b-carotene content of Br + 10 stage R1-10 fruits was observed, possibly contributing to the orange-ripe phenotype. Finally, we also measured the concentrations of xanthophylls, chlorophylls, and tocopherols but did not find distinct differences in content between wild-type and transgenic fruits (see Supplemental Table 1 online).
FUL1/2 Silenced Fruits Show Normal Pericarp Development but Increased Water Loss
FUL1/2 RNAi tomatoes did not show any visible abnormalities besides the fruit pigmentation. Size and shape of the transgenic fruits resembled those of the wild type, and we did not observe differences in pericarp development in sections of Br + 7 stage fruits ( Figure 2C ). We also compared the firmness of freshly harvested transgenic tomatoes with the wild type using a fruit hardness meter but found no differences in the softening of the fruits. To investigate if fruit water loss after harvest was altered in the FUL1/2 silenced lines, fruits were harvested 7 d after Br stage, including pedicel (red ripe in the wild type), and the weight of the detached fruits was monitored during 21 d ( Figure 2D ). The transgenic fruits were found to desiccate much faster than the wild type ( Figure 2E ), losing up to 25% of their weight, compared with 10% in the average wild-type fruit. Fruit water loss also correlated with FUL1 transcript level and was more severe in line R1-10 than in line R1-29. Because pericarp thickness did not differ between wild-type and transgenic tomatoes, we investigated if altered epidermis characteristics could explain the increased water loss. The epidermal cell layer is the outermost layer of the fruit pericarp and is covered by a waxy cuticle that thickens as the fruit ages, protecting the fruit from desiccation (Mintz-Oron et al., 2008) . The thickness of the waxy cuticle can be determined with Sudan staining, which has a high affinity for lipids. To determine cuticle thickness, pericarp sections of Br + 7 stage transgenic fruits and their wild-type siblings were stained with Sudan IV and the cuticle layers were compared ( Figures 2E and 2F ). We did not find a significant difference in the thickness of the cuticle layers, indicating that the increased water loss has a different cause.
In conclusion, FUL1/2 silenced MT fruits develop normally until Br stage but are impaired in several ripening processes.
The FUL1 RNAi Phenotype Is Similar in a Large-Fruited Background
The tomato variety MT is well suited for research purposes because of its small plants, which have a relatively short generation time. However, MT plants harbor four independent mutations, including one in the brassinosteroid pathway (Martí et al., 2006) , which may influence tomato development and ripening. For example, the size of MT fruits is quite variable, and silencing of TAGL1 did not lead to reduced pericarp thickness in MT, but showed this phenotype only in the nondwarf variety Ailsa Craig (Itkin et al., 2009; Vrebalov et al., 2009 ). To investigate if the phenotype of the MT FUL1/2 silenced fruits was reproducible in a nondwarf variety, we crossed lines R1-10 and R1-29 with Ailsa Craig plants and determined the fruit phenotype of the F1 offspring ( Figure 2G ), in which the MT mutations are in a recessive state. The wild-type progeny from the cross produced normal red-ripe fruits, but those with the FUL1/2 RNAi construct remained orange with sometimes almost transparent sectors. Both the size of the fruits and the pericarp thickness were similar in the wild-type and transgenic fruits. Thus, the FUL1/2 RNAi phenotype in the large-fruited hybrid offspring is comparable to the MT phenotype, although the pigmentation alterations are more distinct in the former. To investigate the effectiveness of the FUL1/2 RNAi construct in the hybrid background, we determined the expression levels of FUL1 and FUL2 in Br stage fruits by qRT-PCR. The levels in the transgenic fruits were reduced to 20 and 14% of wild-type levels, respectively (see Supplemental Figure 5 online), showing that the construct severely affects the FUL2 expression in the hybrid background as well.
FUL1 and FUL2 Act Redundantly during Fruit Ripening
To be able to differentiate between the functions of FUL1 and FUL2 in tomato fruit ripening, we undertook a second attempt to generate lines that were specifically silenced for either FUL1 or FUL2. Plants of the large-fruited cultivar Moneyberg were either transformed with a FUL2 RNAi construct similar to the previously generated FUL1 RNAi construct (containing 39 open reading frame and 39 UTR sequences) or transformed with a synthetically generated construct containing only the 39 UTR of FUL1 or FUL2. The effect of the constructs was subsequently tested in the ripe fruits of the transgenic lines by qRT-PCR (see Supplemental Figures 6A to 6C online). Similar to what was observed with the FUL1 RNAi construct, plants transformed with the FUL2 RNAi construct were all distinctly silenced for both FUL homologs (five lines were generated and tested with qRT-PCR), although the transcript levels of FUL2 were decreased further than those of FUL1 (see Supplemental Figure 6A online). The qRT-PCR results from the representative lines R2-44 and R2-45 are shown in Figure 2H . The plants all exhibited an orange-ripe fruit phenotype similar to the fruits of the FUL1 RNAi lines ( Figures 2I and 2J ). Specific silencing was achieved for the plants transformed with the synthetic FUL1 construct, for which we generated 10 transgenic lines. qRT-PCR analysis showed that these lines were in general not downregulated for FUL2, while they showed variable levels of FUL1 silencing (see Supplemental Figure 6C online). The specific silencing of FUL1 was most distinct in lines S1-46 and S1-52, with a reduction in FUL1 transcript level to 13 and 17%, respectively ( Figure 2H ). The four lines that we analyzed with the specific FUL2 construct showed variable levels of silencing for both FUL2 and FUL1 (see Supplemental Figure 6B online). The lines S2-15 and S2-17 were severely silenced for FUL2, with endogenous FUL2 transcript levels reduced to 6 and 11%, respectively, while the expression of FUL1 was only weakly affected and reduced to ;60% of wildtype levels ( Figure 2H ). The gene-specific downregulation of FUL1 or FUL2 in the flowers of the selected lines S2-15, S2-17, S1-46, and S1-52 was found to be comparable to the downregulation in the fruits (see Supplemental Figure 6D online). We analyzed the fruit phenotypes in the lines specifically silenced for FUL1 or FUL2 and observed only very mild alterations in the pigmentation of the ripe fruits. This was most distinct in the jelly of the fruits, which was more orange than that of the wild type ( Figure 2I ). The alterations in the pericarp pigmentation were most visible at the blossom end of the tomato, where often lighter colored sectors could be observed ( Figure 2J ). The phenotypes of the specific FUL1 silenced lines did not differ from the FUL2 silenced lines, indicating that they share a role in carotenoid accumulation. However, we cannot exclude that the weak downregulation of FUL1 in lines S2-15 and S2-17 has contributed to the phenotype as well. The fact that the phenotype is much more distinct in lines that have both genes strongly silenced points to redundant roles of FUL1 and FUL2 during tomato fruit ripening.
Microarray Analysis Increases the Insight into the Role of FUL1/2 in Ripening
Tomato fruit ripening involves the regulation of several biochemical pathways associated with pigmentation and the production of aromatic and nutritional compounds, cell wall metabolism, and pathogen susceptibility. To obtain more insight into the roles of FUL1 and FUL2 in mediating these ripening processes, we performed mRNA expression experiments with the double silenced R1-10 and R1-30 lines using microarrays. RNA from Br stage R1-10 and R1-30 fruits and from fruits of their wild-type siblings in the T1 generation was hybridized to Agilent-022270 Tomato Gene Expression microarrays. Analysis of differentially expressed genes in the 44,000 probe set revealed 394 genes that were significantly lower expressed in both transgenic lines (twofold or more) and 501 genes that were twofold or more higher expressed in the transgenic fruits (P < 0.05). A full list of significantly differentially expressed genes can be found in Supplemental Data Set 1 online. Our results confirm downregulation of both FUL1 (log 2 = 24.5) and FUL2 (log 2 = 22.7) and also yielded a number of genes that were previously reported to be involved in tomato fruit ripening, including RIN and CNR targets (Thompson et al., 1999; Fujisawa et al., 2012; Qin et al., 2012) . A short list, containing the up-and downregulated genes discussed in the text, can be found in Table 1 . Expression of several known targets of RIN, such as Carbonic Anhydrase3, Gibberellin 20-oxidase-2, Polygalacturonase Ae (PG2A), 1-deoxy-D-xylulose 5-phosphate synthase1 (DXS1), expansin B2, and Phosphoglycerate dehydrogenase, was also affected in the FUL1/2 knockdown plants, suggesting that there is overlap between the targets. Yet, other known targets of RIN, such as the ethylene biosynthesis genes ACO1, ACS2, and ACS4, and the ripening-related genes E4 and E8, lipoxygenase C, or the carotenoid biosynthesis gene Phytoene synthase1 (PSY1) were not significantly affected (Fujisawa et al., 2012) . In addition to the earlier identified regulators of tomato fruit ripening, a large number of up-or downregulated genes was not implicated in ripening before but likely play a role in ripening-associated processes as well. These include genes encoding for proteases, pectinases, expansins, and extensins and a high number of genes encoding for enzymes involved in primary or secondary metabolism. In order to identify changed metabolic pathways, we loaded the microarray data into the Plant MetGenMAP database (Joung et al., 2009) . Several metabolic pathways that can be linked to ripening were revealed to be regulated by FUL1/2, including Glu degradation, carotenoid biosynthesis, and suberin biosynthesis. The complete list of significantly changed metabolic pathways is available in Supplemental Table 2 online.
To test the reliability of the microarray results, we selected five genes and tested their expression in MG, Br, and Br + 7 stage transgenic and wild-type fruits by qRT-PCR. The results are shown in Supplemental Figures 7A and 7B online. The microarray data were confirmed for the upregulated genes GDSL (GDSL-like lipase; log 2 = 5.3) and EIL2 (EIN3-like transcription factor; log 2 = 2.7) and the downregulated gene PG2A (endopolygalacturonase; log 2 = 22.9). The downregulation of PG2A is specific for the Br and Br + 7 stages, in line with its reported RINdependent ripening-specific upregulation (Martel et al., 2011) . We also confirmed the upregulation of a pectin acetyl transferase gene (PAT; log 2 = 2.0) in the transgenic fruits, but it turned out to be less distinct than expected from the microarray data. This difference can presumably be explained by the weak expression of PAT in the fruits (cycle threshold values were around 30), which may result in a bias in either the qRT-PCR or microarray data. Although the microarray results also suggested the downregulation of CrtR-b2 (for carotene b-hydroxylase; log 2 = 21.6) this could not be confirmed by qRT-PCR. In conclusion, the qRT-PCR analysis shows that most of the microarray data can be confirmed.
Carotenoid Biosynthesis Genes
A number of genes involved in the carotenoid biosynthesis pathway have been shown to be induced at the MG-to-Br stage transition (Alba et al., 2005; Itkin et al., 2009; Vrebalov et al., 2009 ). These include PSY1, which regulates the conversion of phytoene and is highly downregulated in TAGL1 silenced plants (Itkin et al., 2009; Vrebalov et al., 2009) , and DXS1 (Lois et al., 2000) , which is required for the first step in the carotenoid biosynthesis pathway. Unlike in TAGL1 silenced plants, we did not find a reduction of PSY1 expression in the FUL1/2 silenced fruits. Instead, we found a significant downregulation of DXS1 (log 2 = 21.6), suggesting that TAGL1 and FUL1/2 act on different steps of the carotenoid pathway to regulate lycopene accumulation in the ripening fruit, while RIN acts on both (Fujisawa et al., 2012) .
Cell Wall-Modifying Protein Encoding Genes
Fruit softening as a result of secondary cell wall degradation is an important feature of fruit ripening in general and is regulated by altered expression of genes for polygalacturonases, pectin modification, and degradation enzymes, expansins, and extensins in tomato. In Cnr mutants, expression of a number of these genes is altered during ripening compared with wild-type fruits (Thompson et al., 1999) . We found several of the CNR-regulated genes to be also differentially expressed in the FUL1/2 silenced lines. The expression of the major fruit polygalacturonase gene, PG2A, was significantly decreased compared with wild-type fruits (log 2 = 22.9, confirmed by qRT-PCR), as well as the expression of the b-xylosidase encoding gene XYL1 (log 2 = 21.2), while a pectin acetyl transferase upregulated during ripening in Cnr mutants was also upregulated in the FUL1/2 RNAi fruits (log 2 = 2.0) The homolog of XYL1, XYL2, which is normally downregulated during ripening, was increased in expression in FUL1/2 RNAi lines (log 2 = 1.9) (Itai et al., 2003) . Additionally, the expansin precursor gene EXPB2 was strongly upregulated in FUL1/2 RNAi fruits (log 2 = 6.6). Thus, the tomato FUL homologs appear to regulate a number of cell wall-modifying genes, which at least in part overlap with those regulated by CNR and RIN.
Transcriptome Analysis Suggests Altered Lipid and/or Cuticle Metabolism in FUL1/2 Silenced Fruits
The cuticle has been reported to be an important transpiration barrier (Mintz-Oron et al., 2008) ; therefore, the altered expression of fatty acid biosynthesis genes may contribute to the increased water loss of the FUL1/2 silenced fruits. We found several genes related to cutin and fatty acid synthesis to be downregulated in FUL1/2 silenced fruits, among which were a glycerol-3-Pacyltransferase (log 2 = 21.2) and a cytochrome P450 hydroperoxide lyase (HPL) (log 2 = 21.8). The latter has also been implemented in lipid-derived volatile production (Schwab et al., 2008) . In addition, the suberin pathway was found to be significantly changed in the transgenic fruits by upregulation of the genes encoding for cinnamic acid 4-hydroxylase (log 2 = 2.3) and caffeoyl-CoA 3-O-methyltransferase (log 2 = 3.7) (Plant MetGenMAP; see Supplemental Table 2 online). Other genes involved in fatty acids metabolism were strongly upregulated in the transgenic fruits, like genes encoding for a cytochrome P450-dependent fatty acid hydroxylase (log 2 = 3.5), a long-chain acyl-CoA synthetase family protein (log 2 = 3.1), and a GDSL-like lipase (log 2 = 5.3).
FUL1/2 Regulate Glu Accumulation during Ripening
The Plant MetGenMAP analysis revealed that the Glu degradation pathway is highly significantly altered in the FUL1/2 RNAi lines (see Supplemental Table 2 online). All three known genes encoding for Glu decarboxylases, which convert L-Glu into g-amino butyrate (GABA), appeared to be upregulated in the transgenic plants (GAD2, log 2 = 1.3; GAD3, log 2 = 1.9; GAD1, log 2 = 2.1). Interestingly, the Glu content of tomato fruits normally rises strongly upon ripening. While the relative molar content of Glu in MG MT fruits is ;12.7% of the total free amino acid content, this increases to 55.0% in the red ripe fruit. Concurrently, the relative GABA concentration drops from 40.4% in the green fruit to 8.3% in the red ripe fruit (Sorrequieta et al., 2010) . This indicates that the repression of the Glu decarboxylases in wild-type fruits is important for the increase in Glu content in the ripening tomatoes. In rin fruits, the expression of GAD2 and GAD3 is also upregulated, indicating that these genes are also common targets of FUL1/2 and RIN (Fujisawa et al., 2012) . The total free amino acid content of tomato fruits increases approximately fivefold during ripening, which contributes markedly to the taste of the fruit. However, Glu seems particularly important for a tasty tomato, since all cultivated varieties have much higher contents than wild tomatoes (Boggio et al., 2000; Pauliukaite et al., 2006) . Glu was also found to be responsible for the characteristic umami taste of tomatoes and other foods like cheese and mushrooms (Bellisle, 1999) . Thus, the repression of the Glu decarboxylases by FUL1/2 in the wild type likely results in a higher Glu content and possibly a tastier tomato. To test if the transgenic fruits indeed accumulate less Glu, we determined the concentrations of Glu and GABA, as well as from many other primary metabolites in stage Br + 7 fruits of lines R1-10 and R1-29, and compared the levels to those of wild-type fruits. Table 2 shows all primary metabolites that had significantly lower or higher concentrations in R1-10 fruits than in their wild-type siblings. The complete list of tested primary metabolites of both lines and the wild type is available as Supplemental Table 3 online. The analysis reveals that the Glu content in the transgenic fruits is indeed more than eightfold decreased, while the GABA concentration is increased. The marked decrease in Pro accumulation in FUL1/2 RNAi fruits could also be a result of the reduced Glu levels, since Glu is one of the precursors for Pro biosynthesis in plants. In addition, the contents of n-acetylglutamic acid, putrescine, and 2-oxoglutarate, metabolites that are related to Glu/GABA metabolism, were significantly changed in the transgenics. Also the amino acids Ser, Val, Ile, b-Ala, and Asp showed altered concentrations, indicating that FUL1/2 play a role in the accumulation of certain amino acids during ripening.
In addition to the altered amino acids, a few other primary metabolites were found to differ significantly in concentration between FUL1/2 silenced fruits and those of the wild type ( Table  2 ). The lower concentrations of the primary cell wall component galacturonate and its precursor glucuronate in FUL1/2 RNAi fruits point to a reduced pectin degradation in the transgenics Usadel et al., 2004) , consistent with the downregulation of two polygalacturonase homologs in FUL1/2 RNAi fruits (log 2 = 23.1 and log 2 = 21.2). These data provide additional evidence for the role of FUL1/2 in cell wall modification.
FUL1/2 Act Downstream or Independent of the Ethylene Pathway
In the climacteric tomato fruit, the onset of ripening is marked by a major increase in ethylene production. In the ripening-deficient fruits of rin and TAGL1 RNAi plants, the autocatalytic ethylene production system is not induced because of decreased expression of the ethylene biosynthesis genes ACS2, ACS4, and ACO1 (Itkin et al., 2009; Vrebalov et al., 2009; Fujisawa et al., 2012) . As a consequence, these mutants produce drastically lower ethylene levels and fail to initiate ethylene-dependent ripening processes. Similarly, downregulation of an ACC oxidase gene (ACO) is correlated with reduced ethylene levels in the nonripening fruits of Cnr mutants and hb-1 silenced plants ( Thompson et al., 1999; Lin et al., 2008) . Unexpectedly, our microarray analysis showed that there was no effect on ACS or ACO gene expression in the FUL1/2 RNAi plants. Only one climacteric ethylene synthesis-related gene was found to be differentially regulated in FUL1/2 silenced plants, encoding cystathionine g-synthetase (CGS), involved in Met synthesis and as such synthesizing the precursors for ethylene. This gene was found to have increased expression during ripening by Alba et al. (2005) but was slightly upregulated (log 2 = 1.4) in FUL1/2 RNAi fruits, suggesting that FUL1/2 downregulates CGS in wild-type fruits. The fact that FUL1/2 RNAi did not significantly affect expression of ethylene biosynthesis genes suggests that ethylene levels are not affected in FUL1/2 RNAi fruits. The upregulation of CGS in the transgenic plants may even point to a repressive or negative feedback function for FUL1/2 in climacteric ethylene synthesis during ripening. To confirm that the rise in ethylene levels of ripening fruits also occurs in the absence of FUL1/2, we harvested Br or Br + 3 stage fruits from lines R1-10, R1-25, and R1-30 and their wild-type siblings and measured the ethylene production. The ethylene levels were similar for wild-type and transgenic fruits ( Figure 3A) , suggesting that FUL1/2 function downstream or independent of the climacteric ethylene system 2.
In addition to the biosynthesis gene CGS, we also found the ethylene response gene EIL2, encoding a transcription factor homologous to Arabidopsis ETHYLENE-INSENSITIVE 3 (EIN3), to be significantly upregulated (log 2 = 2.7) in FUL1/2 RNAi fruits. However, tomato contains four EIL proteins, which appear to act redundantly in ethylene signal transduction, and only downregulation of multiple genes results in a nonripening phenotype (Tieman et al., 2001) . The expression of the other three known tomato EIL genes was detected, but not significantly altered, suggesting that the ethylene response is normal in FUL1/2 Differences between FUL1/2 RNAi fruits and the fruits of their wild-type siblings are represented as negative or positive fold ratios of the mean gas chromatography-mass spectrometry responses. Significance of the differences is indicated by the P value from the Student's t test. silenced lines. To confirm this, we applied ethephon to immature R1-10 fruits and immature fruits of their wild-type siblings. Both responded by accelerated ripening in a similar manner, though the transgenic fruits still displayed the orange-ripe phenotype (see Supplemental Figure 8 online). Thus, ethylene perception appears normal in the FUL1/2 silenced fruits, but their mutant phenotype cannot be rescued by ethylene application, providing another indication that FUL1/2 act downstream or independent of the climacteric ethylene system 2. The ripening regulators CNR, RIN, and TAGL1 were all found to have ethylene-dependent and ethylene-independent functions (Itkin et al., 2009; Vrebalov et al., 2009; Klee and Giovannoni, 2011) , and the expression of FUL1 and FUL2 may thus be induced via ethylene or regulated independent of ethylene by the upstream ripening regulators. To discriminate between both possibilities and to obtain more insight into the position of the FUL paralogs in the ripening regulatory network, we studied the expression of FUL1 and FUL2 in wild-type fruits in response to ethylene application and in fruits of the nonripening mutants.
Wild-type fruits were treated with ethephon in the MG stage, harvested 6 h later, and the expression of FUL1 and FUL2 was compared with nontreated fruits ( Figure 3B ). The expression of FUL2 appeared unchanged after ethephon treatment, but the expression of FUL1 was found to be three to four times upregulated, suggestive of a position downstream of ethylene. However, the expression of FUL1 increases in any case rapidly in wild-type fruits during the ripening induction phase, and we cannot exclude that the observed increase is simply a result of slight variation in the ripening stage.
The expression of FUL1, FUL2, and TAGL1 was investigated in three developmental stages of Cnr mutant fruits by qRT-PCR ( Figure 3C ). The expression of all three genes was lower in the Cnr mutant than in the wild type in the Br, and Br + 7 stages, indicating that CNR plays a general role in the positive regulation of FUL1, FUL2, and TAGL1. However, a marked effect of the Cnr mutation was found on the rapid induction of FUL1 during the ripening phase, which was completely abolished. This suggests that CNR specifically plays a role in the upregulation of FUL1 during ripening. FUL1 was also found to be a direct target of RIN, and its expression is distinctly reduced in the rin mutant (Martel et al., 2011; Fujisawa et al., 2012;  Figure 3D ). We found that the expression of FUL2 and TAGL1 is to some degree affected in the rin mutant fruits ( Figure 3D ). FUL2 was clearly more weakly expressed in the Br + 7 stage, while the expression in the earlier fruit stages was only slightly reduced. The mild reduction in TAGL1 expression was only apparent at the Br stage. In conclusion, the ripening-induced upregulation of FUL1 and, to a lesser extent, of FUL2 depends on CNR and RIN, which may occur in part via ethylene in the case of FUL1. However, FUL1 and FUL2 do not regulate gene expression via their effect on ethylene production or sensitivity.
The Ripening Regulators RIN and TAGL1 Are Upregulated in FUL1/2 RNAi Fruits
The microarray yielded only very few transcription factorencoding genes as differentially regulated in FUL1/2 RNAi fruits (1.4%), suggesting that FUL1/2 may function somewhere downstream in the ripening regulatory cascade. The only identified transcription factor previously implicated in ripening is AOBP, encoding an ascorbate oxidase promoter binding protein (log 2 = 21.3) (Alba et al., 2005) . The other transcription factor genes, encoding among others two MADS domain proteins, two AP2 domain proteins, a NAM family protein (log 2 = 22.6), an AUXIN RESPONSE FACTOR (log 2 = 22.3), and a YABBY family protein, may execute as yet unidentified functions in ripening (Table 1 ; see Supplemental Data Set 1 online). The expression of the ripening regulators RIN, CNR, and TAGL1 was not significantly altered in the FUL1/2 RNAi fruits compared with the wild type, but the expression of RIN and TAGL1 did show a nonsignificant twofold increase in the transgenics. Because the microarray was performed with RNA from whole fruits, we decided to extract RNA from pericarp tissues specifically and perform qRT-PCR analysis to examine if the upregulation of the ripening regulators was more distinct in this tissue (see Supplemental Figure 9 online). Indeed, the expression of RIN and TAGL1 was two to three times upregulated in the pericarp of FUL1/2 RNAi Br stage fruits, indicating that they are repressed by FUL1/2 in wild-type fruits, probably via a negative feedback loop. The transcript levels of CNR were unchanged in FUL1/2 silenced fruits compared with the wild type, indicating that the expression of CNR is not regulated by FUL1 or FUL2. We summarized the currently known interactions between the ripening transcription factors RIN, CNR, TAGL1, and FUL1/2 in Figure 4 (Itkin et al., 2009; Vrebalov et al., 2009; Martel et al., 2011; Klee and Giovannoni, 2011) .
DISCUSSION
In previous publications on tomato fruit ripening, TDR4/FUL1 repeatedly appeared as a gene of which the expression was highly induced at Br stage (Hileman et al., 2006; Vrebalov et al., 2009) . Although this pointed toward a role of the gene in fruit ripening, the functions of FUL1 and its paralog MBP7/FUL2 remained so far unknown. We generated plants that are silenced specifically for either FUL1 or FUL2 and plants in which the paralogs are silenced together and demonstrated that FUL1 and FUL2 are both involved in fruit ripening, probably in a redundant manner. However, the differences between their fruit expression patterns suggest that FUL1 and FUL2 do not in all cases contribute equally to the different functions. Downregulation of both FUL1 and FUL2 impairs color development in the fruit and affects the expression of many genes involved in ripening processes, such as cell wall modification, cuticle formation, and aroma production. Interestingly, our data also revealed that Glu accumulates to a lesser extent in the fruits silenced for FUL1 and FUL2 than in the wild type, suggesting a role for FUL1/2 in the production of this major taste component of cultivated tomato fruits (Pauliukaite et al., 2006; Sorrequieta et al., 2010) .
FUL1/2 and TAGL1 Regulate Different Aspects of Ripening together with RIN
Different studies have reported that the ripening regulator RIN interacts in yeast with TAGL1, FUL1, and FUL2 (Leseberg et al., 2008; Martel et al., 2011) . Because MADS domain proteins often act in higher order complexes (Immink et al., 2009) , it is possible that FUL1/2, TAGL1, and RIN interact with each other in a higher order complex to mediate tomato fruit ripening. However, although TAGL1 and FUL1/2 all play important roles in fruit ripening (Itkin et al., 2009; Vrebalov et al., 2009; Pan et al., 2010) , they regulate different subsets of RIN target genes (Table 1 ; see Supplemental Data Set 1 online; Itkin et al., 2009; Vrebalov et al., 2009; Fujisawa et al., 2012) , and the phenotypes of the TAGL1 and FUL1/2 silenced lines are distinctly different. Moreover, Leseberg et al. (2008) did not identify interactions between TAGL1 and FUL1/2 in yeast two-hybrid or three-hybrid assays. This all suggests that TAGL1-RIN and FUL1/2-RIN form separate complexes with distinct functions in tomato fruit ripening.
Recently, it was reported that FUL1 is a direct target of RIN and that its upregulation is dependent on the activity of CNR (Martel et al., 2011) . Our data confirm that FUL1 depends on CNR and RIN for its upregulation during ripening and show that this applies to FUL2 as well ( Figures 3C and 3D) . Interestingly, the binding of RIN to its target loci was found to require the presence of CNR, although there is no evidence for a direct interaction between the two proteins. Martel et al. (2011) hypothesize that CNR may induce the expression of a cofactor required for proper DNA binding activity of the RIN-containing complex. FUL1 is mentioned as a likely candidate to encode this cofactor, since the SBP class proteins, of which CNR is a member, are known to preferably bind to promoters of SQUAMOSA class MADS box genes like FUL1. Our expression analyses confirm the CNR-dependent upregulation of FUL1 and show that the induction of FUL2 and TAGL1 is also dependent on CNR. This supports the idea that TAGL1 and FUL1/2 are the CNR-regulated factors that RIN needs to bind to its target promoters, likely regulating different subsets of RIN target genes.
FUL1 and FUL2 Function Largely Independently of the Ethylene Pathway
The fruits of the well-described ripening mutants Cnr and rin have severely reduced ethylene levels but do not ripen in response to ethylene application, although they are responsive to ethylene. This suggests that both CNR and RIN lie upstream of the climacteric ethylene increase but also have ethyleneindependent functions (Giovannoni, 2007) . We showed that FUL1 and FUL2 do not regulate ethylene biosynthesis and thus function downstream or independent of ethylene. Because the expression of FUL2 is not induced upon ethephon application, this gene appears to act independently of ethylene, while the modest upregulation of FUL1 after ethephon treatment suggests that the induction of FUL1 during ripening may be partly regulated via ethylene. In conclusion, this suggests that the FUL proteins interact with RIN to fulfill ethylene-independent functions in ripening, while the TAGL1-RIN complex regulates a complementary set of target genes via both ethylenedependent and -independent mechanisms.
The non-ethylene-mediated aspects of ripening are very interesting in the context of evolution, since they may be conserved between climacteric and nonclimacteric species (Giovannoni, 2007) . The recent discovery that a FUL homolog regulates anthocyanin accumulation in the nonclimacteric fruits of bilberry (Jaakola et al., 2010) provides strong evidence for the wide conservation of ripening regulators. The role of FUL in fruits may be even more widely conserved, since the gene is also essential for dry fruit development in Arabidopsis (Ferrándiz et al., 2000) and the basal eudicot poppy (Eschscholzia californica; Pabón-Mora et al., 2012) . In this context, it will also be very interesting to determine the regulatory network involved in fruit ripening in Solanaceae species that bear dry capsular fruits, like petunia (Petunia hybrida) and tobacco (Nicotiana tabacum). The capsules of petunia and tobacco open by dehiscence at the carpel fusion sites as the Arabidopsis silique does, but in the absence of the specialized replum and dehiscence zones of the latter (Pabón-Mora and Litt, 2011). The close relationship of tobacco and petunia to tomato suggests that the regulatory network involved will show many similarities with the tomato network. Comparing the networks may also elucidate the diverging steps required for the conversion of dry fruits into fleshy fruits.
The Position of FUL1/2 in the Fruit Ripening Regulatory Network
Fruit ripening in tomato starts with the climacteric ethylene increase, induced by the transcription factors CNR, NOR, RIN, and TAGL1. We suggest that RIN and NOR function upstream of The connections between the different regulators are based on expression data from this study and previously published work (Eriksson et al., 2004; Giovannoni, 2007; Vrebalov et al., 2009; Itkin et al., 2009; Klee and Giovannoni, 2011; Martel et al., 2011) . RIN functions as a dimer together with either TAGL1 or FUL1/2 to regulate complementary sets of downstream ripening genes. The positive interaction between RIN and TAGL1 is not clear (our expression data show a small downregulation of TAGL1 in the rin mutant only at Br stage). However, this interaction may be indirect via CNR and is therefore depicted with a dashed line. Most likely, RIN is also part of a complex when upregulating CNR, TAGL1, and FUL1/ 2. However, because the nature of this complex is still unclear, only RIN has been depicted in the white box.
CNR or in different pathways, while TAGL1 functions downstream. FUL1/2 appear to have a special place in the tomato ripening regulatory network, since they act at least in part independently of ethylene, but are regulated by CNR and RIN. As such, FUL1/2 may not be important for the onset of ripening but function later in the ripening process by the actual regulation of pigmentation, aroma, and taste. Our microarray analysis supports this idea because many differentially regulated genes are apparently involved in primary or secondary metabolism, while only very few genes that encode transcription factors appear to act downstream of FUL1/2. Moreover, we found the ripening regulators RIN and TAGL1 to be upregulated in the pericarp of FUL1 RNAi fruits, pointing to a negative feedback loop from FUL1/2 on the ripening induction genes. Notably, Arabidopsis FUL also represses the TAGL1 orthologs SHP1/2 (Ferrándiz et al., 2000) , suggesting some conservation of the fruit regulatory network between Arabidopsis and tomato. We summarized the current ideas on the relationships between the ripening regulators, FUL1/2, and ethylene in the model in Figure 4 .
In conclusion, FUL1/2 function downstream of RIN and CNR in an ethylene-independent manner to regulate several downstream ripening processes and repress with a negative feedback loop the activity of RIN and TAGL1. 
qRT-PCR Analysis
For qRT-PCR analysis of FUL1 and FUL2 expression, leaves, flowers, and fruits were harvested from wild-type tomato plant cultivar MT. To test the downregulation in the FUL1 RNAi lines, Br stage fruits were harvested from the transgenics and from wild-type MT plants. For the other transgenic lines, red ripe fruits from cultivar Moneyberg were used. RNA was extracted with Trizol (Sigma-Aldrich), and cDNA was synthesized with the iScript cDNA synthesis kit (Bio-Rad). Real-time RT-PCR was performed with the iQ SYBR Green Supermix from Bio-Rad using primers QSlFUL1for/QSlFUL1rev and QSlFUL2for/QSlFUL2rev, with actin 2/7 as a reference gene (all primer sequences are listed in Supplemental Table 4 online). The following PCR program was used: 1 h at 95°C, 40 cycles (10 min at 95°C; 45 min 57°C). A similar protocol was used to study the expression of FUL1, FUL2, and TAGL1 in Cnr mutant Br stage fruits and the expression of RIN, CNR, and TAGL1 in the pericarp of wild-type and FUL1/2 RNAi Br stage fruits. Primers were as follows: SlFUL1for/ SlFUL1rev, SlFUL2for/SlFUL2rev, RINfor/RINrev, CNRfor/CNRrev, and TAGL1for/ TAGL1rev.
Split-YFP
RIN and FUL1 were amplified from Br stage fruit cDNA with primers TOPO SlFUL1for/TOPO SlFUL1rev and TOPO RINfor/TOPO RIN rev. The fulllength open reading frames were inserted into the pENTR-D TOPO vector according to the Gateway protocol (Invitrogen). FUL2 was isolated from a cDNA library from mixed fruit stages (CloneMiner cDNA Library construction kit; Invitrogen), which was initially inserted into pDest22 (Invitrogen) and from there recombined back into pDONR207 (Gateway). All plasmids were sequenced (DETT sequence kit; Amersham) and subsequently recombined with the LR reaction into split-YFP destination vectors. For the Nterminal fusions, pARC233 and pARC234 were used, and for the C-terminal fusions, pARC235 and pARC236 were used (Welch et al., 2007) .
Arabidopsis thaliana leaf protoplasts were transfected with 15 mg plasmid DNA as described by Aker et al. (2006) . The protoplasts were incubated overnight at 25°C before imaging. Confocal laser scanning microscopy images were made with a Leica SPE DM5500 upright microscope using the 310 0.30 CS ACS APO (air) lens and LAS AF 1.8.2 software (Leica).
Generation of FUL1 and FUL2 Silenced Plants
The FUL1 and FUL2 RNAi constructs were generated using the Gateway system (Invitrogen). For FUL1, a 470-bp fragment was amplified from the 39end of the cDNA with primers SlFUL1 RNAi for/SlFUL1 RNAi rev. For FUL2, a 437-bp fragment was amplified from the 39end of the cDNA using primers SlFUL2 RNAi for/SlFUL2 RNAi rev. For the FUL1-and FUL2-specific constructs, the 39 UTR regions (274-bp fragment for FUL1 and 251-bp fragment for FUL2) were commercially synthesized by Geneart together with the attB1 and attB2 sites for recombination. Fragments were recombined into the pDONR221 or pDONR207 (specific 39 UTR fragments) vectors using the enzyme BP recombinase. After verification of the inserts, an LR reaction was performed to recombine the fragments into the binary RNAi vector pK7GWIWG2 (Karimi et al., 2002) . The resulting vectors were transformed into Agrobacterium tumefaciens strain EHA105 using freeze-thaw transformation (Chen et al., 1994) and transformed to MT wild-type plants by cocultivation with 5-d-old cotyledon explants without a feeding layer, according to a protocol modified from McCormick et al. (1986) .
Carotenoid Analysis
Wild-type MT and FUL1 RNAi tomato fruit were extracted as described previously by López-Ráez et al. (2008) with slight modifications. Briefly, freeze-ground material of tomato fruit (500 mg) was extracted with a mixture of methanol/chloroform (2.5/2.0 [v/v]) containing 0.1% butylated hydroxytoluene (BHT) and 50 mM of Tris-chloride, pH 2.5, containing 1 M sodium chloride. Samples were incubated on ice and centrifuged and the chloroform layer transferred to a clean tube. Samples were reextracted twice with chloroform containing 0.1% BHT. Pooled chloroform phases were dried under a nitrogen flow and keep under a nitrogen atmosphere at 220°C until HPLC analysis. Carotenoid extracts were prepared for HPLC analysis by dissolving in ethyl acetate containing 0.1% BHT. Chromatography was performed on a Waters system consisting of a number 600 quaternary pump, number 996 photodiode array detector, and number 2475 fluorescence detector. Carotenoid pigments were separated by HPLC using a YMC-Pack reverse-phase C30 column (250 3 4.6 mm; 5 µm) coupled to a 20-3 4.6-mm C30 guard (YMC), maintained at 40°C, and with ternary gradient elution of water, methanol, and methyl tert-butyl ether . Flow rate of 1 mL/min was used. Data were collected and analyzed using the Waters Empower software supplied. Carotenoids were detected by setting the photodiode array detector to scan from 220 to 700 nm, and tocopherols were detected by a fluorescence detector at excitation and emission wavelengths of 296 and 405 nm, respectively. Quantitative determination of compounds was conducted by comparison with dose-response curves constructed from authentic standards. Each value was the mean of, at least, two biological replicates.
Sudan IV Staining
A Sudan IV (Sigma-Aldrich) stock solution (0.1% [w/v] in isopropanol) was diluted 3:2 with distilled water, mixed well by rotation for 30 min, and filtered through a syringe filter to remove precipitates (Buda et al., 2009) . Thin Br stage pericarp sections were incubated for 10 min in Sudan IV solution, rinsed first with 50% isopropanol and then with water. The sections were mounted in distilled water and observed under a Leitz Orthoplan light microscope.
Microarray Analysis
For microarray analysis of gene expression, RNA was isolated (see above) from whole fruits of Br stage fruits from two transgenic T1 lines and from their wild-type T1 siblings, in duplicate (two fruit samples from line R1-10, two samples from the wild-type siblings of R1-10, two fruit samples from line R1-30 plants, and two samples from the wild-type siblings of R1-30). RNAs were labeled with Cy3 for single-color hybridizations of Agilent-022270 Tomato Gene Expression microarrays at the MicroArray Facility of VIB, Leuven, Belgium. Expression values were obtained from the Agilent Feature Extraction Software version 10.5.1.1. Quantile normalization was performed on the log 2 -transformed values to normalize intensities between arrays. A total of 5325 spots had no signal above background for any array and were removed, leaving 39,895 probe signals for further analysis. Average expression values were estimated for the wild type versus nontransgenic line using the limma package from Bioconductor. A moderated t-statistic as implemented in limma was used to determine significance of contrast between wild type and transgenic line (Smyth, 2004; Smyth et al., 2005) . The resulting P values were corrected for multiple testing with the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) to control the false discovery rate. Probes with a corrected P value < 0.05 were considered significantly different between the wild type and transgenic line. The qRT-PCR analysis for confirmation of the microarray was performed as described above, using primers PDS4692-CrtR-b2F/R (CrtR-b2, SGN-U568611), PDS4694-GDSL F/R (GDSL, SGN-U573197), PDS4696 PAT F/R (PAT, SGN-U566870), PDS4698-EIL2 F/R (EIL2, AF328785), and PDS4702 SlPG2A F/R (PG2A, SGN-U577423).
Ethylene Content and Response
To measure the ethylene content, fruits from transgenic T1 lines and their wild-type siblings were harvested at stage Br + 3 and placed in a GL32 Schott screw cap vial with rubber ring. Soon after harvesting, a 1-mL gas sample was taken from the vial and analyzed on the Packard gas chromatograph model 437A (t = 0). Approximately 3 h later, another sample was taken and analyzed. The ethylene concentration in the samples was determined by comparing the peak length from the gas chromatograph with a standard, and the ethylene content of the fruit was calculated in milliliters per hour per gram fresh weight.
Ethephon (Acros Organics) treatment of intact MG fruit was a 1-min dip in 50 mM fresh aqueous solution every 2 d, two times.
Primary Metabolite Analysis
Analysis of primary metabolites was performed on the whole fruit as described by Roessner-Tunali et al. (2003) . The chromatograms were aligned using the MetAlign software package, and compound mass spectra were extracted according to Tikunov et al. (2005) . Metabolites were identified using NIST MSSearch and retention indices using the Golm Metabolite Database as a reference library (http://gmd.mpimp-golm.mpg.de). Significant metabolic differences between nontransgenic and transgenic fruits were detected using the Student's t test.
Accession Numbers
The primary accession number for Sl-FUL1 (TDR4/TM4) is BT013224. The CompBio (Computational Biology and Functional Genomics Laboratory) and SGN (Solanaceae Genome Network) ID numbers are TC196395 and SGN-U596354, respectively. Sl-FUL1 is located on chromosome 6 (Solyc06g069430). The primary accession number for Sl-FUL2 (MBP7/ euFUL2) is BM412293. The CombBio and SGN ID numbers are TC202975 and SGN-U580493, respectively. Sl-FUL2 is located on chromosome 3 (Solyc03g114830). The accession numbers of the genes used in the microarray analysis are provided in Table 1 and Supplemental Data Set 1 online. The microarray data from this study were submitted to the Gene Expression Omnibus repository under accession number GSE41560.
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The following materials are available in the online version of this article. Supplemental Figure 9 . Expression of CNR, RIN, and TAGL1 in FUL1/ 2 RNAi Fruits. 
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